Dimethylsulfide (DMS) is a climatically relevant trace gas produced and cycled by the 2 surface ocean food web. Mechanisms driving intraannual variability in DMS production and 3 dimethylsulfoniopropionate (DMSP) degradation in open-ocean, oligotrophic regions were 4 investigated during a 10 month time-series at the Bermuda Atlantic Time-series Study site in the 5 Sargasso Sea. Abundance and transcription of bacterial DMSP degradation genes, DMSP lyase 6 enzyme activity, and DMS and DMSP concentrations, consumption rates, and production rates 7 were quantified over time and depth. This interdisciplinary dataset was used to test current 8 hypotheses of the role of light and carbon supply in regulating upper-ocean sulfur cycling. 9
Summary 1
Dimethylsulfide (DMS) is a climatically relevant trace gas produced and cycled by the 2 surface ocean food web. Mechanisms driving intraannual variability in DMS production and 3 dimethylsulfoniopropionate (DMSP) degradation in open-ocean, oligotrophic regions were 4 investigated during a 10 month time-series at the Bermuda Atlantic Time-series Study site in the 5 Sargasso Sea. Abundance and transcription of bacterial DMSP degradation genes, DMSP lyase 6 enzyme activity, and DMS and DMSP concentrations, consumption rates, and production rates 7 were quantified over time and depth. This interdisciplinary dataset was used to test current 8 hypotheses of the role of light and carbon supply in regulating upper-ocean sulfur cycling. 9
Findings supported UV-A dependent phytoplankton DMS production. Bacterial DMSP-10 degraders may also contribute significantly to DMS production when temperatures are elevated 11 and UV-A dose is moderate, but may favor DMSP demethylation under low UV-A doses. Dimethylsulfide (DMS) is produced and cycled in marine ecosystems by the surface 21 ocean food web and is the predominant source of natural sulfur to the atmosphere. Once 22 ventilated to the atmosphere, DMS is oxidized to sulfate and methane sulfonate aerosols (Shaw, 23 1983), which act as cloud condensation nuclei. Perturbations in DMS ventilation rates have the 24 potential to alter aerosol abundance, cloud coverage, and cloud properties, which in turn affect 25 the atmospheric radiative balance and Earth's climate (Charlson et al., 1987) . Changes in marine 26 physical and chemical properties, such as those projected to occur under high atmospheric CO 2 27 conditions, have the potential to affect DMS production by altering community composition, 28 rates of primary production, and heterotrophic microbial activity. An improved understanding of 29 the mechanisms driving DMS production is needed before accurate predictions of the response 30 of the marine sulfur cycle to anthropogenically induced changes can be made. 31
The primary precursor of DMS, dimethylsulfoniopropionate (DMSP), is produced in 32 surface waters by marine phytoplankton. While phytoplankton directly convert some DMSP to 33 DMS, the majority of the intracellular DMSP pool (particulate DMSP, DMSPp) is released as 34 DMSP into the water column (Simó et al., 2002) . This dissolved pool of DMSP (DMSPd) is then 35 rapidly cycled by marine bacterioplankton that degrade DMSP via two competing, enzymatically elevated dmdA transcription at most depths and for most subclades (Fig. 4) suggested that the 164 bacterial community was actively consuming DMSP, yet the DMSPd consumption rate was not 165 significantly elevated. The driving mechanisms behind higher dmdA transcription in this month 166 are unclear. 167
Transcription of dmdA subclade D/1, the subclade with the highest gene copy and 168 transcript numbers, was significantly negatively correlated with UV-A dose (Table 1) . In 169 addition, all significant D/1 transcription with the exception of the October 40 m sample 170 occurred at a UV-A dose less than 20% of the average summer surface incident UV-A (Table 1) . 171
Here we focus on UV-A dose as this wavelength correlated best with changes in the sulfur cycle 172 and has been identified by previous studies as an important regulator of DMSP consumption and 173 DMS production (e.g. Slezak Phytoplankton DLA was highest in surface waters in the spring, summer, and early fall 201 (Fig. 5a ) concurrent with the shoaling of the mixed layer and was positively correlated with UV-202 A radiation dose (Table 1 ). In addition, 88% of elevated phytoplankton enzyme activity, defined 203 as >1σ above the mean, occurred under moderate to high light conditions, defined as UV-A dose 204 greater than 20% of the average summer surface incident UV-A (Table 1). Phytoplankton DLA  205 was also significantly correlated with TOC, DMS concentration, and temperature (Table 1) , 206 variables that were also significantly correlated with one another (r 2 >0.42, p<0.01) and displayed 207 strong seasonality. Only 11% (r = 0.33) of the variability in phytoplankton DLA could be 208 explained by DMSPp concentrations (Table 1) and there was no significant relationship between 209 phytoplankton DLA and Chlorophyll a (not shown), indicating that DMSPp concentration and 210
Chlorophyll a alone may not be good proxies for phytoplankton DMS production at BATS. 211
Variation in eukaryotic phytoplankton group pigment concentrations, as identified by high-212 performance liquid chromatography (HPLC), explained less than 20% of the observed variations 213
in DMSPp concentrations and phytoplankton DLA rates (Supplemental Material S2). This 214 further suggests that physical (e.g. UV stress) and chemical conditions may be equally or more 215 important than taxonomic identity in determining DMSPp concentrations and phytoplankton 216 DLA rates at BATS. 217
Potential bacterial DMS production, defined as DLA*DMSPd, was highest in the late 218 summer and early fall between 20 m and 60 m (Fig. 5b) . Bacterial DLA and potential DMS 219 production were significantly correlated with month, temperature and DMS concentration (Table  220 1), suggesting that bacterial DMS production may be a relevant source of DMS at certain times 221 of year. While there was no significant correlation between UV-A dose and bacterial DMS 222 production, 67% of elevated bacterial DLA and 33% of elevated potential bacterial DMS 223 production, defined as >1σ above the mean, occurred under moderate to high light conditions 224 (Table 1 ). This suggests that bacterial DMS production was UV-A tolerant. A significant 225 positive relationship between bacterial DLA and DMSPd concentration and bacterial DLA and 226 the ratio of DMSPd:TOC was observed (Table 1) . However, these variables could only explain 227 8% and 23% of the variability in bacterial DLA, respectively, indicating that carbon availability 228 may not be the primary process regulating bacterial DMS production. 229
Six of the eight samples with measurable dddP transcription had measurable bacterial 230 DMSP lyase activity (Fig. 5b) biogeochemical parameters relevant to the seasonal DMS(P) cycle in the Sargasso Sea using a 239 non-metric multidimensional scaling (MDS) framework. The two gene groups defined initially 240 based on correlation analysis (Fig. S1 ) also emerged in the MDS analysis (Fig. 6 ). Group I 241 (dmdA A/1, dmdA D/3, dddP) and Group II (dmdA A/2, dmdA D/1) separated along MDS axis 2, 242 which explained 8% of the total variance and was positively correlated with date (r=0.66, 243 p<0.01), temperature (r=0.57, p<0.01), and DMSPd concentrations (r=0.50, p<0.01). This is 244 consistent with a higher abundance of cells containing Group I subclades in the winter and spring 245 when temperature and DMSPd concentrations were low, and an increased abundance of Group II 246 subclades in the summer and fall when temperature and DMSPd concentrations were elevated. 247 MDS axis 1 (Fig. 6 ) accounted for 84% of the total variance and correlated best with DMS 248 concentration (r=0.59, p<0.01), bacterial abundance (r=-0.49, p=0.02), bacterial carbon demand 249 (r=-0.47 p<0.01) and UV-A dose (r=0.38, p=0.03). We hypothesize that this axis represents 250 depth-dependent niche differentiation among bacteria harboring DMSP degradation genes, 251 potentially driven by radiation dose or carbon availability. The two Roseobacter dmdA gene 252 clades (A/1 and A/2) are particularly well separated along this MDS axis and indeed show 253 opposite depth distributions that are especially evident during the summer (Fig. 3c,d) . DMSP cleavage enzyme activity (student t-test, 95% confidence). Rather, the correlation 277 analysis (Table 1 ) and MDS analysis ( regulation by environmental conditions. Thus our data suggests a relationship between UV-A 291 dose and bacterial DMSP degradation that warrants further investigation. 292
Both phytoplankton and bacterial DLA were significantly positively correlated with DMS 293 concentration ( Table 1 ), indicating that both may be relevant sources of DMS to the water 294 column, and yet showed distinctly different variability over the 10 month time-series. In the 295 mixed layer, 61% of the variability in vertically averaged DMS concentrations (p=0.04) and 42% 296 of the temporal and spatial variability of DMS (p=0.03) could be explained using a simple linear 297 model combining potential DMS production (phytoplankton DLA and bacterial DLA*DMSPd) 298
and DMS consumption (bacterial DMS consumption and UV-A dose, a proxy for photolysis) 299 (Fig. 8) . Only 26% of the variability in mixed layer DMS concentrations could be explained 300 when potential bacterial DMS production was not included (p=0.11), and in the period from 301
August through October, 85% of surface DMS variability (0-20m) could be explained by 302 potential bacterial DMS production alone (p<0.01). This suggests bacteria are important 303 contributors to DMS production at BATS, and were particularly so during the late summer and 304 early fall of 2008. Below the mixed layer, DMS concentrations were low (average 1.0 ± 1.4 nM) 305 and significantly correlated with bacterial DMS consumption (r 2 =0.70, p<0.01). In addition, the 306 DMS loss rate constant (day -1 ) below the mixed layer was significantly higher than the rate 307 constant in the mixed layer (p <0.01). This indicates a tight coupling between production and 308 loss processes in deeper waters that makes it difficult to predict DMS standing stocks. 309
Drivers of marine biogeochemical cycling are extremely complex and act on numerous 310 scales. We anticipated that an interdisciplinary dataset could assist in teasing apart the bacterial 311 contribution to water column DMS(P) dynamics that begin as changes in gene transcription but 312 are manifested as biogeochemical rates. We conclude that a diverse bacterial community is 313 active in cycling organic sulfur in the Sargasso Sea; that in the late summer and fall, bacteria are 314 important contributors to DMS production; that solar radiation, in particular UV-A dose, plays 315 an important regulatory role in upper ocean sulfur cycling by both phytoplankton and bacteria; 316
and that bacterial DMSP demethylation may be UV-A intolerant while bacterial DMS production 317 may be UV-A tolerant. Continued characterization of these factors through a combination of 318 physical, chemical, and molecular biological observations will improve our understanding of the 319 role of bacteria in DMS(P) cycling in the surface ocean and yield improved predictions of future 320 DMS emissions. 321
322

EXPERIMENTAL PROCEDURES 323
Study site and sample collection 324
The Bermuda Atlantic Time-series Study (BATS) site is located at 31°40'N 64°10'W. 3.6 L of seawater per DNA sample and 2.5 L of seawater per RNA sample were collected onto 337 four filters. After each collection, the RNA and DNA filters were immediately flash frozen in 338 liquid nitrogen. All functional gene samples were kept in liquid nitrogen or -80°C until they were 339 processed. 340
For the phytoplankton DLA assay, 500 ml of whole seawater was collected on autoclaved 341 25 mm diameter GF/C glass fiber filters (Whatman, pore-size ~1.2 µm) using gentle filtration 342 (<0.02 Pa). For the bacterial DLA assay, samples were gravity filtered through a 47 mm diameter 343 GF/C glass fiber filter (Whatman, pore-size ~1.2 µm) using a gentle flow to minimize 344 phytoplankton cells lysis during filtration. A total of 325 -400 ml of GF/C pre-filtered water 345 (volumes were adjusted to maintain a filtration time of ~ 30 minutes) was then collected on 346 autoclaved 25 mm diameter 0.2 µm pore-size polycarbonate filters using gentle filtration (<0. crimped. The evolution of DMS in each vial was analyzed using focused headspace samples on 457 the GC system described above. Five time-points were measured per sample over an 18 minute 458 interval. A short measurement period was chosen to negate the possibility of enzyme induction. 459
This was confirmed by laboratory and field tests that showed a linear increase in DMS 460 concentrations over the first 30 minutes of the DLA assay. 461
Enzyme activity is temperature dependent; therefore, all DLA measurements were made 462 at the MLD temperature using an under-way seawater bath to best approximate in situ 463 conditions. Assay temperatures ranged from 21° -26.5°C over the 10 month time-series. The 464 difference between the DLA assay temperature and the 100 m water temperature ranged from < 465 1°C in February to 6.5°C in August and September. The DLA assay most likely overestimates 466 enzyme activity at depth in the summer due to this temperature difference; however, this 467 overestimation is only on the order of 20% (Supplementary material S4) . 468 DMS concentrations were quantified using a standard curve defined by diluting pure 469 DMS in aqueous solutions (0.5-10 µM). The DLA rate was calculated as: 470
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